The SH2-containing inositol phosphatase-1 (SHIP-1) is a 5 inositol phosphatase known to negatively regulate the product of phosphoinositide-3 kinase (PI3K), phosphatidylinositol-3.4,5-trisphosphate. SHIP-1 can be recruited to a large number of inhibitory receptors expressed on natural killer (NK) cells. However, its role in NK cell development, maturation, and functions is not well defined. In this study, we found that the absence of SHIP-1 results in a loss of peripheral NK cells. However, using chimeric mice we demonstrated that SHIP-1 expression is not required intrinsically for NK cell lineage development. In contrast, SHIP-1 is required cell autonomously for NK cell terminal differentiation. These findings reveal both a direct and indirect role for SHIP-1 at different NK cell development checkpoints. Notably, SHIP-1-deficient NK cells display an impaired ability to secrete IFN-␥ during cytokine receptor-mediated responses, whereas immunoreceptor tyrosine-based activation motif containing receptor-mediated responses is not affected. Taken 
Introduction
Natural killer (NK) cells are large granular lymphocytes with a critical role in innate immunity and are important in orchestrating the adaptive immune system. 1, 2 Their ability to produce immunoregulatory cytokines, such as interferon (IFN)-␥, and release perforin and granzymes is crucial for tumor immunosurveillance and elimination of pathogens. 3 These NK effector functions are dependent on the integration of signals delivered from a variety of activating and inhibitory receptors on interaction with neighboring cells. 4 Significant progress has been made on the regulation of receptor and target recognition as well as identification of signals transduced for NK cell action. However, evidence for how these signaling molecules, specifically phosphatases, might govern NK cell development and thereby influence their effector function has been lacking. A better understanding of the mechanisms that govern NK cell development into functional effector cells is crucial to demystifying disease processes and fully utilizing NK cells as therapeutic agents.
The bone marrow (BM) is the main site for NK cell development. An intact BM microenvironment provides NK cells with both cellular substrates and signals required from several stromal factors to sustain cell proliferation and differentiation. 1 NK cell precursors (NKPs) in the BM are derived from hematopoietic stem cells that give rise to immature NK (iNK) cells and mature NK (mNK) cells. 5 mNK cells egress from the BM and represent the main NK cell population in the peripheral lymphoid organs, such as the spleen. The NK cell maturation process in the BM has been well characterized based on the differential acquisition of NK cell receptors and the achievement of their full effector functions. 1, 6, 7 The acquisition of both activating and inhibitory receptors results in the ability of NK cells to recognize and kill target cells with minimal damage to the host. On NK cell synapse formation, appropriate downstream signaling molecules are recruited. 8 Activating receptors are known to bind DAP10 or 12 containing an immunoreceptor tyrosine-based activation motif (ITAM) or YxxM motifs 9 and subsequently recruit Src-and Syk-related protein tyrosine kinases, leading to the activation of PI3K and MAP/ERK pathways. 10 Inhibitory receptors are known to oppose the activation of these pathways through the recruitment of various phosphatases to their immunoreceptor tyrosine-based inhibitory motif. 11 Among these phosphatases, the SH2-containing inositol phosphatase-1 (SHIP-1) is known to be recruited to the immunoreceptor tyrosine-based inhibitory motif and suppress immune responses, including NK cells, by degrading PI3K's product phosphatidylinositol-3,4,5-trisphosphate to phosphatidylinositol-3,4-bisphosphate. 12-14 SHIP-1 is primarily expressed in hematopoietic cells, but it can be found in osteoblasts and stromal cells. [15] [16] [17] [18] Although the role of SHIP-1 has been intensely studied in the development of myeloid cells, B cells, and T cells, its exact function in NK cell development remains poorly understood.
In this study, we found that the absence of SHIP-1 results in a decrease of peripheral NK cell number. In addition, NK cells lacking SHIP-1 exhibited fewer mature attributes, as characterized by the expression of certain receptors. However, the loss of peripheral NK cells is partly restored in bone marrow chimeras and mixed bone marrow chimeras, indicating that SHIP-1 intrinsic expression is not essential for NK cell cellularity. In contrast, SHIP-1 intrinsic expression is required for the transition from immature to mature NK cells. Thus, SHIP-1 expression on stromal cells is sufficient to rescue NK cell frequency and number but is required in NK cells for final stages of differentiation. In addition, we found that NK cells deficient for SHIP-1 display an impaired ability to secrete IFN-␥ during cytokine receptor-mediated responses.
Methods

Reagents and antibodies
The following anti-mouse monoclonal antibodies (mAbs) were used for flow cytometry: NK1.1 (PK136), CD19 (eBio1D3), CD3 (145-2C11 or 17A2), CD8 (17A2), CD4 (RM4-5), NKp46 (29A1.4), CD11c (N418), CD45.1 (A20), H2D b (KH95), H2K b (AF6-88.5), CD122 (TM␤1), CD27 (LG.7F9), CD11b (M1/72), KLRG1 (2F1), CD43 (eBioR2/60), CD51 (RMV-7), cKit (2B8), CD94 (18d3), Ly49F/I/C/H (14B11), Ly49G2 (4D11), Ly49H (3D10), CD49b (DX5), CD107␣ (1D4B), Lin antibody cocktail, CD127 (A7R34), CD135 (A2F10), Sca-1 (D7), and IFN-␥ (XMG1.2). Single-cell suspensions were preincubated with Fc receptorblocking 2.4G2 mAb and stained for 30 minutes on ice with the indicated surface staining antibodies (all purchased from BD Biosciences and eBioscience). Washed cells were evaluated on an FACSAria cell sorter (BD Biosciences) and analyzed with FlowJo Version 8.8.7 software (TreeStar).
Mice
C57BL/6J (B6) mice were purchased from The Jackson Laboratory. SHIP-1 Ϫ/Ϫ mice (on a B6.SJL background) were generated and kindly provided by W.G.K. 14 Five-to 8-week-old SHIP-1 Ϫ/Ϫ mice were used for experiments. Wild-type and SHIP-1 ϩ/Ϫ littermates were used as controls. Heterozygote siblings were bred. Rag2 Ϫ/Ϫ ϫ Il2r␥ Ϫ/Ϫ mice were purchased from Taconic Laboratory Animals and Services. All mice were maintained at Brown University in accordance with institutional guidelines for animal care and use.
Bone marrow chimeras and mixed chimeras
To generate bone marrow chimeras, 6-to 8-week old B6 mice were lethally irradiated with 1000 to 1050 rads. Donor bone marrow was harvested from SHIP-1 Ϫ/Ϫ or SHIP-1 ϩ/Ϫ (CD45.1-congenic B6) mice. Bone marrow cells were depleted from mature T and NK cells using anti-CD5 and anti-DX5 magnetic beads, respectively, via the AutoMACS separator (Miltenyi Biotec) and injected intravenously into irradiated recipients. All animals were allowed to reconstitute for 4 to 10 weeks before sacrifice and the NK cell compartment of liver, spleen, bone marrow, and blood was analyzed by flow cytometry. For mixed chimeras, donor bone marrow was harvested from SHIP-1 Ϫ/Ϫ or SHIP-1 ϩ/Ϫ (CD45.1-congenic B6) mice and mixed 1:1 with bone marrow harvested from competitor, CD45.2-congenic B6 mice; depleted of mature T and NK cells; and injected intravenously into irradiated recipients as described above. Mixed chimeras were allowed to reconstitute 8 to 10 weeks before sacrifice.
Adoptive transfer
Splenocytes (10 7 ) isolated from mixed bone marrow chimeras were adoptively transferred into Rag2 Ϫ/Ϫ ϫ Il2r␥ Ϫ/Ϫ mice. At day 4 after transfer, splenocytes were isolated from Rag2 Ϫ/Ϫ ϫ Il2r␥ Ϫ/Ϫ mice and stained with NK1.1, CD3, CD45.1, CD11b, KLRG1, and CD27.
Functional assays
For measurement of IFN-␥ production and CD107␣ induction, splenocytes from mice either unprimed or primed with Poly(I:C) were stimulated in tissue culture plates coated with anti-NK1.1, anti-NKG2D, anti-Ly49H, or control mAb for 6 hours at 37°C in the presence of GolgiStop (BD Biosciences) and CD107␣ or isotype-matched control antibody (eBioscience). For control experiments, splenocytes were stimulated with IL-12 and IL-18 (10 ng/mL each) or phorbol myristate acetate (PMA; 200 ng/mL) and ionomycin (5 g/mL). After stimulation, NK cells were then defined by CD3 Ϫ NK1.1 ϩ or CD3 Ϫ DX5 ϩ (for NK1.1 stimulation) and then were fixed and made permeable with Cytofix/Cytoperm buffer (BD Biosciences). Cells were then stained with IFN-␥ or isotype-matched control antibody (eBioscience).
Statistical analysis
Statistical analyses were performed using Prism Version 5.0 (GraphPad Software).
Results
Reduced number of NK cells in SHIP-1 ؊/؊ mice SHIP-1 has been reported to associate with several inhibitory NK cell receptors including certain Ly49 receptors and the SLAM family member 2B4. 14,19 SHIP-1 absence has been shown to differentially influence B-and T-cell development. [20] [21] [22] [23] In addition, previous studies demonstrate the importance of SHIP-1 in the generation of the NK cell receptor repertoire. 14, 24, 25 We therefore hypothesized that SHIP-1 may play a role in NK cell development and maturation. To test this hypothesis, we examined lymphocyte populations in the spleen, blood, liver, and bone marrow of SHIP-1 ϩ/ϩ , SHIP-1 ϩ/Ϫ , and SHIP-1 Ϫ/Ϫ mice. NK cell number and frequency were significantly reduced in the spleen and blood, but not in the bone marrow of SHIP-1 Ϫ/Ϫ mice compared with SHIP-1 ϩ/ϩ and SHIP-1 ϩ/Ϫ mice (Figure 1A -B; data not shown). A similar trend was also observed in the spleen and bone marrow when further defining the NK cell population as NKp46 ϩ CD3 Ϫ (supplemental Figure 1A , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). As reported by others, the absence of SHIP-1 was also found to significantly reduce splenic B cells (CD19 ϩ ; supplemental Figure  1B ), and T cells (CD4 ϩ or CD8 ϩ ; supplemental Figure 1C -E). Notably, iNKT cell frequency also was affected (data not shown). Interestingly, SHIP-1 expression is haplosufficient, as NK cell frequency and numbers in SHIP-1 ϩ/Ϫ mice were comparable to SHIP-1 ϩ/ϩ mice ( Figure 1 and supplemental Figure 1 ). Immature NK cell subsets are overrepresented in SHIP-1 ؊/؊ mice NK cells in the periphery are mainly mNK cells that developed from bone marrow hematopoietic stem cells through NKP and iNK cell populations. 26 The much lower NK cell numbers in the periphery compared with the bone marrow suggested that SHIP-1 Ϫ/Ϫ mice might have a defect in NK cell development. To examine this possibility, we compared the different NK cell subsets, NKP, iNK, and mNK cells, in the bone marrow 6 (Figure 2A and supplemental Figure 2A -B). We found significantly less NKP and mNK cells, but no substantial differences in iNK cells in SHIP-1 Ϫ/Ϫ bone marrow compared with controls.
Because we found no differences in the iNK cell subset but a reduction in the mNK cell subset in the bone marrow, we hypothesized that the NK cells that egress to the periphery are mainly of the iNK cell subset in SHIP-1 Ϫ/Ϫ mice. To test this hypothesis, we stained the bone marrow and spleen with NK maturation markers c-kit, CD51, CD43, CD27, DX5, CD11b, and KLRG1 (Table 1 and supplemental Figure 2E ). The most mature NK cells express the markers DX5, CD11b, KLRG1, and CD43, but not the immature markers CD27, ckit, and CD51. 2, 5, 6, 27, 28 We found that SHIP-1 Ϫ/Ϫ bone marrow and splenic NK cells have a reduced expression of mature NK cell markers, such as DX5, CD11b, and KLRG1 compared with littermate controls (Table  1 and supplemental Figure 2E) . Notably, SHIP-1 Ϫ/Ϫ splenic NK cells express mostly immature NK cell markers. Taken together, this suggests that the few SHIP-1 Ϫ/Ϫ NK cells found in the periphery are mainly immature NK cells.
For NK cells to become fully mature effector cells, self-MHC class I molecule recognition by inhibitory receptors is required. This NK cell education process occurs during the iNK to mNK differentiation stage when NK cells acquire inhibitory receptors, such as Ly49s and CD94/NKG2A. 29, 30 We examined NK cells expressing CD94 and Ly49s (C/I/F/H/G2) in the bone marrow and in the spleen across all SHIP-1 genotypes (supplemental Figure  2C-D) . No difference in bone marrow expression of CD94 and Ly49s, as well as splenic expression of CD94 was observed, but there was a significant decrease in splenic expression of Ly49s in SHIP-1 Ϫ/Ϫ mice compared with controls (Table 1 and supplemental Figure 2C -E) as reported previously. 24 We also looked at H2-K b and H2-D b expression in total splenocytes as well as splenic NK cells (supplemental Figure 2F) . SHIP-1 Ϫ/Ϫ total splenocytes and splenic NK cells (as well as B, T, and dendritic cells; data not shown) express equivalent levels of MHC class I molecules as controls. Taken together, these data indicate that the immature phenotype of the SHIP-1 Ϫ/Ϫ NK cells was unlikely to be because of an MHC/Ly49 defective educational environment. Notably, KLRG1 expression was not impaired because of the absence of SHIP-1 as KLRG1 expression can be induced on SHIP-1-deficient NK cells when cultured in vitro with IL-2 (supplemental Figure 2G) .
It has been demonstrated that mouse NK cell maturation is a 4-stage developmental program: CD11b Ϫ CD27 Ϫ (DN), CD11b Ϫ CD27 ϩ (CD27 SP), CD11b ϩ CD27 ϩ (DP), and CD11b ϩ CD27 Ϫ (CD11b SP), following the pathway CD27 SP 3 DP 3 CD11b SP 2 . To further investigate NK cell subsets present in the periphery, we compared CD27 versus CD11b and KLRG1 expression from various organs across all SHIP-1 genotypes. Flow cytometric analysis revealed that DN and CD27 SP NK cells were the predominant NK cell subset present in SHIP-1 Ϫ/Ϫ bone marrow and peripheral sites (spleen, blood, and liver), whereas SHIP-1 ϩ/ϩ and SHIP-1 ϩ/Ϫ NK cells were mostly DP and CD11b SP (Figure Figure 3A ). KLRG1, a marker for the most mature NK cells, was also weakly expressed on SHIP-1 Ϫ/Ϫ NK cells (supplemental Figure 3B-C) and observed previously in germ line SHIP-1 Ϫ/Ϫ mice on a C57BL6 background. 24 Collectively, these data suggest that SHIP-1 regulates NK cell transition from immature to mature NK cells. NK precursors were also reduced in SHIP-1 Ϫ/Ϫ mice ( Figure 2 ). However, when phenotyping the earliest NK cell precursors as recently described, 31, 32 we found no significant difference in frequency ( Figure 2D and supplemental Figure 3D ) and number, as there is no difference in the total number of bone marrow cells ( Figure 2D ). In addition, in chimeric mice no difference in NK cell precursor number was observed (see Figure  4C ), suggesting that SHIP-1 absence is not affecting NK cell precursor formation.
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Cytokine-mediated response is impaired in SHIP-1-deficient mice
To address the role of SHIP-1 in NK cell function, we measured both NK cell IFN-␥ production and degranulation (monitored by CD107␣ surface expression) by flow cytometry. Because of the lower expression levels of Ly49H and NK1.1 in SHIP-1 Ϫ/Ϫ NK cells (supplemental Figure 4A) , cross-linking of these receptors will be inconclusive. We addressed this issue using mixed bone marrow chimeras, as the expression of these activating receptors on bone marrow-derived SHIP-1 Ϫ/Ϫ and wild-type NK cells are comparable (see supplemental Figure 5B ). However, when stimulated with the cytokines IL-12 and IL-18 or PMA and ionomycin, SHIP-1 Ϫ/Ϫ NK cells are producing IFN-␥ at a significantly lower level than control NK cells (Figure 3 and supplemental Figure 4B) . Thus, the absence of SHIP-1 seems to be associated with impaired NK cell effector functions at least when SHIP-1 is systematically deleted.
SHIP-1 acts at 2 different levels during NK cell development
SHIP-1 is expressed primarily in hematopoietic cells but also in osteoblasts and bone marrow stromal cells. [15] [16] [17] [18] Notably, SHIP-1 Ϫ/Ϫ mice have a short life span (average 5-9 weeks) because of SHIP-1 pleiotropic effects. Therefore, we investigated whether the defect in NK cell development, maturation, and effector functions observed in SHIP-1 Ϫ/Ϫ mice was because of the absence of SHIP-1 in NK cells (cell intrinsic) or in their environment (cell extrinsic). To determine whether nonhematopoietic cells play a role in the NK cell development defect observed, we transferred bone marrow cells from SHIP-1 Ϫ/Ϫ or SHIP-1 ϩ/Ϫ (CD45.1 ϩ ) mice into lethally irradiated wild-type (CD45.2 ϩ ) mice ( Figure 4A ). In contrast to SHIP-1-deficient mice (Figure 1) , no difference in NK cell numbers was observed in the bone marrows and spleens of the SHIP-1 Ϫ/Ϫ chimera or the SHIP ϩ/Ϫ chimera ( Figure 4B ). Moreover, no difference was seen in NK precursors and immature NK cell frequency in the bone marrow of the SHIP-1 Ϫ/Ϫ chimera and the SHIP ϩ/Ϫ chimera ( Figure 4C ). These results indicate that SHIP-1 expression is not required in cis and that expression of SHIP-1 on nonhematopoietic cells is sufficient to rescue normal NK cell number. However, we observed a decrease in mature NK cells derived from SHIP-1 Ϫ/Ϫ bone marrows compared with the SHIP-1 ϩ/Ϫ bone marrow-derived NK cells ( Figure 4C ). Consistent with its least mature phenotype, the SHIP-1 Ϫ/Ϫ NK cells display a decrease in CD11b SP NK cells and an increase in CD27 SP NK cells compared with controls in the chimeric mice ( Figure 4D) .
To compare the development of wild-type NK cells and SHIP-1 Ϫ/Ϫ NK cells within the same environment, we performed a series of mixed bone marrow experiments and adoptively transferred SHIP-1 Ϫ/Ϫ or SHIP-1 ϩ/Ϫ (CD45.1 ϩ ) bone marrow at a 1:1 ratio with wild-type competitor (CD45.2 ϩ ) bone marrow into lethally irradiated wild-type (CD45.2 ϩ ) recipients ( Figure 5A ). In agreement with the chimeric mice, we found that the frequency and total number of NK cells were similar between SHIP-1 Ϫ/Ϫ and its competitor as well as between SHIP-1 ϩ/Ϫ and its competitor ( Figure 5B ). Similarly to the chimeric mice, the SHIP-1 Ϫ/Ϫ NK cells also display a decrease in CD11b SP NK cells and exhibit an accumulation of CD27 SP NK cells compared with wild-type competitors in mixed bone marrow experiments ( Figure 5C ). In agreement with these findings, KLRG1 expression is reduced on NK cells derived from SHIP-1 Ϫ/Ϫ bone marrow (supplemental Figure 5A) . Therefore, SHIP-1 is critical for NK cell transition to the final stages of NK cell differentiation (stage 5 and 6 as recently Results are expressed as mean frequency Ϯ SD of 3 mice per genotype and are representative of at least five independent experiments. Values in bold represent P Ͻ .05 versus controls (SHIP ϩ/ϩ and SHIP ϩ/Ϫ ). % marker-positive NK cells.
*Results from a pool of antibodies specific for Ly49C/I/F/H and Ly49G2. categorized 33 ). Notably, when splenocytes derived from mixed bone marrow chimeras were transferred in Rag2 Ϫ/Ϫ ϫ Il2r␥ Ϫ/Ϫ mice, the phenotype of the SHIP-1 Ϫ/Ϫ NK cells parallels the phenotype of the donors and remains impaired in maturation (supplemental Figure 6A) . Taken together, these results demonstrate that SHIP-1 acts at 2 levels. First, SHIP-1 expression is required in trans for normal NK cell number. Second, SHIP-1 expression is required in cis for NK cells to reach the final stage of differentiation.
To examine whether the impaired functional properties of SHIP-1 Ϫ/Ϫ NK cells are intrinsic, splenic NK cells from bone marrow chimera (not shown) and mixed bone marrow chimeras were stimulated with various conditions and levels of IFN-␥ and CD107␣ were measured. In contrast to NK cells from SHIP-1 Ϫ/Ϫ mice, in the mixed bone marrow chimeric mice cell surface expression of NK1.1, NKG2D, and Ly49H on SHIP-1 Ϫ/Ϫ NK cells is comparable with controls (supplemental Figure 5B) . We found no difference in degranulation (monitored by CD107␣ surface expression) in all the conditions tested ( Figure 6A ). Levels of IFN-␥ activated by NK receptor cross-linking were not significantly affected by the SHIP-1 deficiency ( Figure 6A-B left) . However, IL-12 and IL-18 stimulation resulted in reduced levels of IFN-␥ for SHIP-1 Ϫ/Ϫ NK cells compared with its control in both chimera (not shown) and mixed chimera mice ( Figure 6A) . Similarly, when chimeric mice were primed in vivo for 24 hours with poly(I:C) only IL-12 and IL-18 stimulation resulted in reduced levels of IFN-␥ for SHIP-1 Ϫ/Ϫ NK cells compared with wild-type NK cells ( Figure 6B) . Interestingly, the reduced IFN-␥ was reproducibly decreased at all stages of maturation and significantly at the DP and CD11b SP stages (supplemental Figure  6B) . Altogether, the data suggest SHIP-1 Ϫ/Ϫ NK cell cytokine receptor-mediated responses are impaired, whereas ITAM containing receptor-mediated responses are not affected. 
Discussion
Development and maturation processes are integral in defining NK cell effector functions. The process of NK cell development and the acquisition of cell surface receptors is dependent on multiple factors, including cell intrinsic signals and environmental cues. 1, 34, 35 An intact bone marrow microenvironment is required for the development of fully functional mature NK cells. 36, 37 In addition, cell intrinsic signals, including transcription factors, such as E4BP4 program the development and differentiation of NK cells. 38, 39 Lipid phosphatases such as SHIP-1 have been recognized as potent negative regulators of immune cells. 40, 41 The effect of SHIP-1 on NK cell development and functions has not been defined. Using mice with germ line deletion of SHIP-1, 14 we found a decrease in bone marrow NK cell precursors and a loss of peripheral NK cells. The reduced cellularity in the NK compartment is reminiscent of the reduced cellularity observed in B and T cells in SHIP-1 Ϫ/Ϫ mice. 20 The absence of B cells in these mice has been explained not as a primary defect, but as a consequence of macrophage dysregulation. 21 Similarly, SHIP-1 Ϫ/Ϫ mice display reduced T-cell frequency 20, 22 ; however, conditional deletion of SHIP-1 in T cells showed normal T-cell numbers and development. 23 Interestingly, Collazo et al have shown that SHIP-1 deficiency promotes increased Treg numbers and FoxP3 acquisition by naive T cells in both a T-lineage intrinsic and extrinsic manner, with the extrinsic effect on Treg formation mediated by SHIP-1-deficient myeloid cells. 22 Using chimeric mice we demonstrated that the reduced NK cellularity is cell extrinsic and is likely dependent on the expression of SHIP-1 on stromal cells. However, we found that cell intrinsic SHIP-1 expression is critical for NK cells to reach the final stage of maturation. In mixed bone marrow chimeric mice, SHIP-1 Ϫ/Ϫ -deficient NK cells are less mature than wild-type NK cells, demonstrating that SHIP-1 regulates NK cell maturation intrinsically. Peripheral SHIP-1-deficient NK cells are impaired in their transition to CD11b-positive cells. This coupled with a normal Ly49 repertoire and MHC class I environment in mixed bone marrow chimeric mice suggests that NK cell education is not a factor in this case. However, it is possible that other factors besides MHC-Ly49 interactions are influenced by the absence of SHIP-1. For instance, 2B4/CD48 interaction has been shown to influence NK cell homeostasis. 24 Regardless of the mechanism, our data reveal both an indirect role and direct role for SHIP-1 at different checkpoints of NK cell development.
Our results also reveal that the decreased functionality of SHIP-1 Ϫ/Ϫ NK cells can be rescued in chimeric mice except when stimulated with IL-12 and IL-18. In this context, our data show that SHIP-1 Ϫ/Ϫ NK cell IFN-␥ production is decreased at all stages of maturation, suggesting it is because of an intrinsic defect and not uniquely to a maturation phenotype. 5, 28 However, SHIP-1 has been shown to be a negative regulator of IFN-␥ in human NK cell subsets when stimulated with IL-12 and IL-18 42 due presumably to the induction of the microRNA miR-155, which leads to SHIP-1 down regulation. 43 Therefore, it is likely that the SHIP-1 inhibitory functions are dissociated from the SHIP-1 developmental function in NK cells and that impaired NK cell development is dominant over the inhibitory functions. Alternatively in the absence of SHIP-1, miR-155 may target other molecules that regulate cytokine receptor signaling. This will be addressed using inducible SHIP-1-deficient mice. SAP adaptors could also play a role as it has been shown that IL-12 induces SAP up-regulation. 44 In the absence of SAP adaptors, it has been shown that SLAM-family receptors become inhibitory possibly through an association with SHIP-1, SHP-1, and SHP-2. 45 It is therefore possible that in the absence of SHIP-1, SHP-1, or SHP-2 association with SLAM-family receptors lead to a decreased activation.
Interestingly, the presence of the widely expressed SHIP-2 and other SHIP-1 isoforms, such as s-SHIP 46 on hematopoietic cells of SHIP-1 Ϫ/Ϫ mice may also participate in the function of these immune cells. Although encoded by a separate gene, SHIP-2 has the same structure as SHIP-1 and like SHIP-1, hydrolyzes the 5-phosphatase from phosphatidylinositol-3,4,5-trisphosphate. 47, 48 The role of SHIP-2 in B and T cells has not been well defined and whether SHIP-2 is expressed in NK cells has yet to be determined and warrants future investigation. In addition, it was recently reported that ENU-induced mutant SHIP-1 mice have a more drastic phenotype than that observed for SHIP-1 Ϫ/Ϫ mice. This observation was attributed to the mutation affecting both SHIP-1 and its isoform s-SHIP. 49 However, s-SHIP protein expression was not detected on FACS sorted NK cells. 41 Thus, further experiments evaluating the roles of s-SHIP and SHIP-2 in regulating NK cells are necessary.
Understanding the mechanisms used by NK cells to secrete cytokines as well as induce cytotoxicity is important in NK cell therapy against diseased cells. Indeed, further insights on NK cell phosphatases and how they regulate NK cell development, maturation, and thereby effector functions are needed. Other phosphatases such as CD45 seem to regulate cytokine secretion downstream of ITAM receptors but not cytokine receptors suggesting that regulation of NK cell effector functions is mediated by different phosphatases. 50 Phosphatases such as PTEN, SHP-1, and SHP-2 are also ubiquitously expressed in NK cells and their specific role in NK cell development and differentiation has been overlooked. Therefore, the effect of these phosphatases on NK cell development and maturation warrants further investigation.
